I N T R O D U C T I O N
Propionibacterium acnes is the major bacterial inhabitant of the forehead and back of man (Marples & McGinley, 1974) and has been implicated in the disease acne vulgaris (Kirschbaum & Kligman, 1963) . Propionibacterium acnes produces at least three exocellular enzymes: a lipase (Reisner et al., 1968) , a protease (Marples & McGinley, 1974 ) and a hyaluronidase (Smith & Willet, 1968) . Attention has been focused on the lipase because of its role in hydrolysing sebum triglycerides to free fatty acids. These acids may be effective in reducing the invasion of overt skin pathogens, but it has been suggested that they may, if over-produced, predispose to acne (Marples et al., 1971) . The possible significance of other enzymes produced by P. acnes, either in normal or acne skin, has not been seriously considered and little is known about these enzymes.
The production of hyaluronidase by P. acnes was first noted by Smith & Willet (1968) . In a survey of enzymes produced by P. acnes and related bacteria, Hoeffler (1 977) showed that 73 yo of P. acnes, 18 yo of P. avidum and 33 yo of P. granulosum strains tested produced hyaluronidase. Puhvel & Reisner (1972) have shown that isolates of P. acnes from both normal skin and the skin of patients with cystic acne produce the enzyme in vitro. The pH optima and temperature stability of the enzymes from the various isolates were described in preparations of crude exocellular products, but no attempt was made to purify or characterize the enzyme.
To understand the function of this exoenzyme in the physiology of P. acnes and its effect on the skin environment, it was necessary to purify the hyaluronidase produced by a typical strain of P. acnes.
(w/w) impurities, specific activity about 400 units mg-l J was obtained from Boehringer. Staphylococcus aureus hyaluronate lyase was a generous gift from Dr A. W. Sim, Organon Laboratories, Oss, Holland.
Bacterial strain. A laboratory strain of P . acnes (type I of Marples & McGinley, 1974) isolated from a blackhead lesion on a patient in Leeds General Infirmary, and designated P-37, was used throughout this study. Stock cultures were maintained in 40 % (w/v) glycerol in 0.1 M-potassium phosphate buffered saline (pH 7-3) at -20 "C.
Enzyme production. Brain Heart Infusion broth (Difco) supplemented with 0.3 % (w/v) glucose was dispensed in 400 ml portions into bottles and sterilized at 121 "C for 20 min. Exponential phase culture (0.5 yo, V/V) of P. acnes was added to each bottle and incubated without stirring in an atmosphere of H,/CO, (90: 10, v/v) in cold catalyst anaerobic jars at 37 "C for 6 to 7 d. Culture supernatant containing the exocellular products was separated by centrifuging at 3000 g for 1 h. This supernatant was used as a source of hyaluronidase and designated fraction I enzyme. Hyaluronidase assay. Hyaluronidase was assayed by the appearance of N-acetylglucosamine end-group colour with umbilical cord hyaluronic acid as substrate. To 2-5 mlO.1 M-sodium acetate buffer (pH 6-4) was added 0.5 ml 0-1 % (w/v) hyaluronic acid and 0.5 ml of a suitable dilution of enzyme in the same buffer.
After incubation at 37 "C for 15 min, 0.5 ml of this reaction mixture was added to 0.1 ml 0.8 M-potassium tetraborate (pH 9.2). N-Acetylglucosamine end-group colour was determined by the method of Reissig et al. (1955) using N-acetylglucosamine as the standard. No breakdown of hyaluronic acid occurred at pH 6.4 in the absence of the enzyme. Substrate blank controls were included. Activity is expressed as pmol N-acetylglucosamine released min-l.
Lipase assay. Lipase (EC 3.1 . 1 .3) was assayed using triolein as substrate. The reaction mixture contained 0.5 ml triolein emulsion [lo % (w/v) triolein emulsified in 5 % (w/v) gum acacia using a Polytron homogenizer at maximum speed for 1 min], 0.5 ml enzyme solution and 2.5 ml 0.1 M-citrate/phosphate buffer (pH 6.5). A 1 ml portion of this reaction mixture was transferred to 5 ml Dole's reagent before and after 1 h incubation at 37 "C. The amount of oleic acid released was determined by the method of Dole & Meinertz (1960) using oleic acid as the standard. Activity is expressed as pmol oleic acid released min-l.
Acid phosphatase assay. Acid phosphatase (EC 3 . 1 .3.2) was assayed using 4nitrophenyl disodium orthophosphate as substrate according to Bessey et aZ. (1946) . The reaction mixture contained 0-5 ml 1 % (w/v) 4-nitrophenyl disodium orthophosphate, 0.5 ml enzyme solution and 2.5 ml 0.1 M-sodium acetate buffer (pH 5.8). A 1 ml portion of this reaction mixture was transferred to 2 ml 0.2 M-NaOH before and after 15 min incubation at 37 "C. The amount of 4-nitrophenol liberated was determined by recording the absorbance at 420 nm using 4nitrophenol as the standard. Activity is expressed as pmol 4-nitrophenol produced min-l. Protease assay. Protease was determined by the method of Millet (1970) using azocasein as substrate.
The reaction mixture contained 1 ml 1 % (w/v) azocasein in 0-1 M-MES (pH 6.5) and 1 ml enzyme solution.
Trichloroacetic acid (2 ml; 10 Yo, w/v) was added to control tubes at time zero and to assay tubes after up to 16 h incubation at 37 "C. After centrifugation and filtration, absorbances were recorded at 440 m.
Enzyme blanks were included. Enzyme purification. All procedures were carried out at 4 "C.
(i) UZtraJiltration. Culturesupernatant was concentrated in an Amicon model TCFlODiaflo cell fitted with a PMlO Diaflo membrane (mol. wt cut-off 10000). At later stages in the purification, enzymically active fractions from various columns were concentrated and dialysed by ultrafiltration in a 50 ml Amicon model 52 cell fitted with a PMlO membrane, (ii) Ammonium sulphate precipitation. Solid (NH4),S0, was added to the culture supernatant to give 40 P. acnes hyaluronate lyase 41 3 saturation, the solution was stirred at 4 "C for 2 h then centrifuged at 3000 g for 30 min. The supernatant was then brought to 50% saturation, stirred and centrifuged as above. The precipitate was dissolved in a minimum volume of 0.1 M-sodium phosphate buffer (PH 6.0) and desalted by ultrafiltration.
(iii) Column chromatography. (NH&SO,-precipitated enzyme was loaded on to a Sephadex G-200 column (2.6 x 46 cm) pre-equilibrated with 0.1 M-sodium phosphate buffer (pH 6.0). Fractions (3.5 ml) were collected at a flow rate of 10 ml h-l. Those containing high enzyme activity were pooled and concentrated to 6 ml by ultrafiltration and then loaded on to a Sephadex G-100 column (2.4 x 31 cm) pre-equilibrated with 0.1 M-sodium phosphate buffer (PH 6.0). Fractions (4.5 ml) were collected at a flow rate of 10 ml h-l, Those containing high enzyme activity were dialysed by ultrafiltration against 50 mM-Tris/HCl buffer (PH 7.0). The enzyme was then loaded on to a CM-Sephadex C-50 column ( 2 . 4~ 30 cm) pre-equilibrated with the same buffer. The column was eluted with 100 ml 50 mM-Tris/HCl (PH 7.0) before applying a 400 ml linear gradient of 0 to 0.3 M-NaCl in the same buffer. Fractions (6 ml) were collected at a flow rate of 12 ml h-1. Those with constant specific activity (per mg protein) were combined, desalted by ultrafiltration and ]YOphilized.
Isoelectric focusing. Electrofocusing was carried out at 4 "C using an LKB 110 ml capacity column with 1 % (v/v) ampholines (pH range 3 to 10). The column was prepared according to the manufacturer's instructions. Samples were dialysed against 1 % (w/v) glycine (adjusted to pH 6.8 with 1 M-HC~) and applied to the light fraction of the sucrose density gradient. Electrolysis was initiated by applying 300 V until a constant current of 2 mA was obtained (24 h). Fractions (3 ml) were collected and the elution of protein was monitored spectrophotometrically. The pH of the fractions was determined using a Radiometer pH meter (model 26).
Polyacrylamide disc gel electrophoresis. The enzyme preparations were examined by polyacry lamide disc gel electrophoresis according to the method of Davis (1964) . Protein bands were stained with 0.05 % (w/v)
Coomassie blue in methanol/acetic acid/water (25: 10: 65, by vol.).
Molecular weight determination. (i) Sephadex G-100 chromatography.
A 31 x 2.4 cm column equipped with a flow adaptor and pre-equilibrated with 0.1 M-sodium phosphate buffer (pH 6.0) was calibrated with P-galactosidase (mol. wt 130000), ovalbumin (rnol. wt 43000) and ribonuclease A (rnol. wt 13700). The void volume was determined with Blue Dextran 2000. A 2 ml sample of purified fraction VI hyaluronidase (see Table 1 ) was loaded on to the column. Fractions (2.5 ml) were collected at a flow rate of 10 ml h-1.
(ii) Sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis. SDS-polyacrylamide gel electrophoresis was carried out according to Weber et al. (1972) in 7.5 % gels. Phosphorylase a (mol. wt 94000), pyruvate kinase (mol. wt 57000), alcohol dehydrogenase (mol. wt 37000) and cytochrome c (mol. wt 12384) were used as reference proteins. Samples (10 to 20 pg protein in 50 p1) were prepared as described by Weber et al. (1972) by heating to 100 "C for 2 min in 0.01 M-sodium phosphate buffer (PH 7.0) containing 1 yo (w/v) SDS and 1 yo (w/v) 2-mercaptoethanol.
Protein determination. The elution of protein from various columns was monitored at 280 nm. Protein determinations were made by the method of Lowry using bovine serum albumin as the standard.
Preliminary studies to determine the reaction products of P. acnes hyaluronidase activity. The reaction products of P. acnes hyaluronidase were compared with those of Staphylococcus aureus hyaluronate lyase and testicular hyaluronidase. Samples (1 ml) of testicular hyaluronidase (10 mg ml-9, S. aureus hyaluronate lyase (10 mg ml-l) and fraction V P. acnes enzyme (0-15 mg ml-l) were each incubated with 1 ml 1 % (w/v) hyaluronic acid in 0.1 M-sodium acetate buffer (pH 6.4) at 37 "C for 24 h. The three enzyme digests were analysed by paper chromatography following the method of Linker et a!. (1956) . N-Acetylated derivatives were detected by spraying the dried chromatogram with p-dimethylaminobenzaldehyde [ 1 g dissolved in 60 ml ethanol/HCl (1 : 1, v/v) and diluted with butan-1-01 to 180 ml] and heating the chromatogram to 90 "C for 10 min to develop the violet colour.
R E S U L T S Enzyme puriJicat ion
The purification of P. acnes hyaluronidase from 1 a 5 1 of culture supernatant is summarized in Table 1 . Preliminary experiments had shown that a greater degree of purification was obtained using sequential (NH,),SO, precipitation (1 19-fold) than that obtained by Amicon ultrafiltration (25-fold). The yield of enzyme from crude culture supernatant by (NH,),SO, precipitation varied between batches from 60 to 90 %.
Chromatography of 8 ml (NH,),SO,-precipitated enzyme, after dialysis against 0.1 Msodium phosphate buffer (pH 6), on Sephadex G-200 and elution with the same buffer gave a single peak of activity which was eluted just before the major protein peak and pmol N-acetylglucosamine released ml-l min-l. pmol N-acetylglucosamine released min-l (mg protein)-'. separated from the void volume proteins. This procedure resulted in a 53% yield with a purification factor of 722. Concentration of G-200 column fractions, with hyaluronidase activity, by (NH,),SO, precipitation gave a further increase in specific activity of the enzyme. Chromatography of 6 ml fraction IV enzyme on Sephadex G-100, with 0.1 Msodium phosphate buffer (pH 6) as eluant was repeated until the enzyme peak corresponded to the major protein peak. This preparation (fraction V) was concentrated and dialysed by ultrafiltration and subjected to ion-exchange chromatography on CM-Sephadex C-50. A major peak of anionic protein emerged without retardation; a minor protein peak was eluted with 0.1 5 M-NaCl and this contained all the enzyme activity. Fractions with constant specific activity (per mg protein) were combined and designated purified fraction VI enzyme. The overall yield of hyaluronidase was 4 % and the purification factor from the original crude culture supernatant was about 13 000.
In preliminary experiments using crude enzyme preparations which had been concentrated by (NH,),SO, precipitation and subjected once to Sephadex G-200 gel filtration, the hyaluronidase activity appeared as two distinct peaks when subjected to ion-exchange chromatography on CM-Sephadex C-50 in 50 mM-sodium phosphate buffer (pH 6.0). The first minor peak was eluted at 0.06 M-NaCl and the second peak at 0.2 M-NaCl. However, electrofocusing of crude enzyme preparations failed to reveal more than one peak of activity ( Fig. 1 ) with a PI of 7.0 k0.5. t pmol 4-nitrophenol min-l. Only one peak of activity was found when relatively pure preparations were subjected to ion-exchange chromatography on CM-Sephadex C-50.
P. acnes hyaluronate lyase
Lipase, acid phosphatase and protease activity of the hyaluronidase fractions Propionibacterium acnes P-37 produced exocellular lipase, acid phosphatase and protease. The activities of these enzymes were assayed in the various fractions during the purification of hyaluronidase. A low protease activity was present in the medium during the exponential phase of growth, but protease was not detected in the culture supernatant during the stationary phase, in the 40 to 50 % (NHJ2S0, fraction I1 or in fraction 111. Lipase and acid phosphatase activities were separated from hyaluronidase either by (NH,),SO, precipitation alone or with additional gel filtration ( Table 2) .
Homogeneity and molecular weight
The purified enzyme was homogeneous as shown by disc gel electrophoresis (Fig. 2) . The molecular weight of the enzyme as determined by Sephadex gel filtration was 85 110. Examination of the purified enzyme by SDS-polyacrylamide gel electrophoresis revealed two bands: a minor, slow moving component with a molecular weight of about 126000, and a major, but diffuse, band with a molecular weight of 79430.
Preliminary characterization of the P. acnes hyaluronidase Efect of p H on activity.
The effect of pH on hyaluronidase activity was determined by incubating fraction VI enzyme (100 pl, about 7 pg ml-l) at various pH values between 5.8 and 7.2 for 15 min at 37 "C, using 0.1 M-MES (pH 5.8 to 6.6) and 0.1 M-MOPS (pH 6.6 to 7.2). The optimum pH for activity was 6.4 and no activity was detected above pH 6.8. Partially purified fraction I11 hyaluronidase had a broad pH optimum (PH 5.4 to 6.4) in 0.1 M-sodium acetate buffer but in 0.1 M-sodium phosphate buffer its pH optimum was between 6.6 and 643.ActivityinO.l M-sodium phosphate bufferwas low at all pH values tested. Eflect of molarity and nature of the bufler on activity. The activity of P. acnes hyaluronidase was affected by both the type and molarity of the buffer used in the assay system. At pH 6.4 maximum activity was obtained in acetate buffer between 0.05 and 0.1 M and the activity in MES was maximal between 0.1 and 0.15 M (Fig. 3) . Thus, the ionic strength, pH and also the nature of the buffer affect the apparent activity of the hyaluronidase. Further studies are necessary to determine the exact nature of the effect of these variables on the enzyme activity.
Stability. The enzyme was stable at slightly acid pH, below the optimal pH for activity, (Fig. 4) and retained 100% activity in 0.1 M-acetate buffer between pH 5 and 5.8, However, it was not thermostable, being completely inactivated by heating at 50 "C for 15 min in 0.1 M-acetate buffer at pH 5.8.
Activity against chondroitin 4-and 6-sulphates and dermatan sulphate. The purified hyaluronidase was weakly active against chondroitin 4-and 6-sulphates but not against dermatan sulphate. The optimal conditions for activity against these potential substrates were not determined.
Paper chromatography of the reaction products. The reaction products obtained from the degradation of hyaluronic acid by the P. acnes enzyme, S. aureus hyaluronate lyaseand testicular hyaluronidase were analysed by paper chromatography. The P. acnes and S. aureus enzymes each produced a single violet spot (RF 0.57) when tested with thep-dimethylaminobenzaldehyde solution. The products of the testicular enzyme activity did not separate into discrete spots, probably because of incomplete degradation of hyaluronic acid by this enzyme. The reaction products were not analysed further. The results suggested that the P. acnes enzyme could be tentatively classified as a hyaluronate lyase.
DISCUSSION
Bacterial enzymes which catalyse the depolymerization of hyaluronic acid by an elimination reaction are lyases. The product of their reaction is 3(A-4,5-,8-D-glucuronosyl)-Nacetyl-D-glucosamine (Dixon & Webb, 1958) . Animal enzymes, however, depolymerize hyaluronic acid to oligosaccharides by hydrolytic scission (Dixon & Webb, 1958) . The P. acnes enzyme described here was tentatively classified as a hyaluronate lyase.
P. acnes hyaluronate lyase
417 It has been reported (Smith & Willet, 1968; Hoeffler, 1977 ) that a high percentage of P. acnes isolates show 'chondroitin sulphatase' activity. However, it is possible that the activity measured was a depolymerization by hyaluronate lyase since the assay method used in both studies was based on the appearance of clear zones surrounding colonies when undegraded substrate in agar plates was precipitated with acid albumin. Chondrosulphatases catalyse the desulphation of chondroitin sulphates (Dixon & Webb, 1958) and are determined by measuring the release of inorganic sulphate (Yamagata et al., 1968) . The enzymes which depolymerize chondroitin sulphates are either chondroitinases or chondroitin sulphate lyases.
Examination of the purified enzyme preparation by SDS-polyacrylamide gel electrophoresis revealed two protein bands, one major with a molecular weight of 79430 and one minor with a molecular weight of about 126000. The molecular weight of P. acnes hyaluronate lyase was estimated to be 85 110 by gel filtration on Sephadex G-100 and therefore the major protein band (79430) is probably the hyaluronate lyase. The presence of a contaminating protein having a molecular weight of 126 000 was unlikely after repeated chromatography of the enzyme preparation on Sephadex G-200 and G-100 during the purification procedure, so it is concluded that the preparation is homogeneous. The minor protein band was possibly an artifact produced in the system by incomplete reduction of the enzyme molecule by 2-mercaptoethanol or insufficient SDS-binding. Although the yield of P. acnes hyaluronate lyase was only 4 yo, this compares favourably with the 3 :
& yield obtained by Rautela & Abramson (1973) for the hyaluronate lyase of Staphylococcus aureus. The apparent activity of P. acnes hyaluronate lyase was affected by the molarity of the buffer used in the assay system, as are other hyaluronidases (Rogers, 1971) . The pH optimum of 6.4 and the temperature instability of the purified enzyme are in agreement with the results of Puhvel & Reisner (1 972), using crude exocellular product preparations of P. acnes hyalu r onidase .
In previous studies on hyaluronidases from various sources, different assay methods have been used (Aronson & Davidson, 1967; Rautela & Abramson, 1973; Abramson, 1967) and the difficulty of comparing the various activities, even when the same method has been used, has been discussed previously (Puhvel & Reisner, 1972) . The American Pharmaceutical Association (1975) has a national formulary unit (NFU) of hyaluronidase activity but uses a mammalian testicular enzyme as standard. As the colorimetric assay of the N-acetylglucosamine end-group is affected by the chain length of the N-acetylamino end-group sugar (Reissig et al., 1955) and as the reaction products of the bacterial and testicular enzymes differ (see above), it was not possible to relate the units of enzyme activity used in this study to the NFU. Hyaluronate lyases are produced by a number of micro-organismsStaphylococcus, Streptococcus, Clostridiurn and Flavobacteriurn spp. (Rogers, 197 1) . The possible role of hyaluronate lyase as a 'spreading factor' (Abramson, 1972) in the pathogenesis of disease has been widely documented with particular reference to the staphylococcal enzymes (Abramson, 1972) . The role of P. acnes hyaluronate lyase in both normal and pathologically involved skin is yet to be determined and it is important to know whether the enzyme is produced by P. acnes in vivo. The purified exoenzyme now offers a possible line of investigation, using specific fluorescein-labelled antibodies to determine whether P. acnes hyaluronate lyase is present in follicles of both normal and acne skin.
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